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Abstract 1 
A better understanding of mineral transformations in sedimentary rocks and the controls on thermal 2 
maturity have become essential in the petroleum exploration industry in recent years. The Fushan 3 
Depression is an important hydrocarbon-bearing depression in South China Sea, which can be 4 
subdivided into three structural zones: the western, central and eastern zone. In this study, a series of 5 
mudstone samples selected from 13 drilling cores with depths ranging from 2100 to 3800m were 6 
studied using infrared reflectance spectroscopy and X-Ray Powder Diffraction (XRD) methods. And 7 
another 10 samples have been chosen for vitrinite reflectance measurement so as to investigate the 8 
ability of using infrared spectroscopy for thermal maturity evaluations. The infrared spectra results 9 
show that quartz and silicates (e.g. illite, kaolinite, smectite) are the dominant minerals in all samples. 10 
The semi-quantitative XRD analysis reveals a clear trend in illite content as the eastern zone (mean 11 
80.81%) > the western zone (mean 73.52%) > the central zone (mean 55.04%) as well as a contrary 12 
trend in kaolinite content. This study documents that the peak height and position of Si-O 13 
antisymmetric stretching bands at ~1025 cm-1 and ~1000 cm-1 have a significant correlation with the 14 
degree of kaolinite illitization, suggesting that the utility of infrared spectroscopy is a valuable tool 15 
for the study of thermal maturity in sedimentary basins. The infrared spectra and XRD results 16 
together with vitrinite reflectance data indicate that the thermal maturity in the eastern zone is 17 
anomalously high, followed by the western zone, and that in the central zone is lowest. The igneous 18 
intrusion in the eastern zone has a significant impact on thermal maturation, resulting in high degree 19 
of kaolinite illitization. By contrast, the abundant in kaolinite in the central zone represents relatively 20 
low degree of kaolinite illitization, which should be attributed to shallow burial depth. 21 
 22 
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Depression 24 
1. Introduction 25 
The mineralogical composition of mudstone is controlled mainly by provenance, depositional 26 
environments and burial history and igneous intrusion [1, 2]. As these factors can vary significantly 27 
both temporally and spatially, mudstone compaction trends will also vary [3]. The identification of 28 
the principal clay-mineral species (i.e. kaolinite, smectite, illite and chlorite) in sedimentary rocks is 29 
extremely important in both mineralogical and thermal maturity studies [4, 5], because when 30 
sandstones and mudstones are buried, diagenetic mineral transformations occur in response to the 31 
increased temperatures and pressures.  32 
In hydrocarbon bearing sedimentary basins, a better understanding of thermal maturity history 33 
has become essential in petroleum exploration for evaluating a source rock’s potential to generate oil 34 
or gas. One of the most common and important reactions in mudstones occurring in response to the 35 
increased temperatures and pressures is the dioctahedral smectite to illite conversion through 36 
illite-smectite mixed-layer minerals [6, 7]. And the other significant reaction is the illitization of 37 
kaolinite [5, 8, 9]. Although vitrinite reflectance is the most widely used indicator to assess the 38 
degree of thermal maturity of sedimentary basins [10], this analyze approach is not readily available 39 
because it is cost-intensive and time-consuming [11]. Moreover, some mudstones contain little or no 40 
vitrinite for measurement.  41 
In the last decades, spectroscopic methods such as infrared reflectance spectroscopy have been 42 
applied as a field-based technique to study alteration mineral assemblages widely, because it is 43 
simple, rapid, nondestructive and safer than conventional method. Although extensive studies have 44 
been performed on the spectroscopy of marine and lake sediments in recent years, most of the 45 
studies were conducted on sandstone reservoirs [5, 12, 13]. By contrast, relative limited studies have 46 
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rarely reported mineral transformations in mudstones from hydrocarbon-bearing fields and their 47 
implications for thermal maturity history using infrared spectroscopy. 48 
With an increasing demand for petroleum resources in China, the Fushan Depression in the 49 
Beibuwan Basin has recently become a focal point for intensive petroleum exploration in South 50 
China Sea [14, 15]. The transfer zone in the central zone subdivides the depression into two sags 51 
including the Bailian Sag in the east and the Huangtong Sag in the west (Fig.1). The grey and black 52 
mudstones in the lower Eocene Liushagang Formation are considered as the main source rocks [14, 53 
15]. Hydrocarbon exploration in this depression revealed that the eastern zone is a typical 54 
gas-bearing field related to extremely high thermal maturity [14]. However, it cannot be explained 55 
by normal geothermal gradients which could not produce so high maturity/palaeotemperature at the 56 
current burial depth (less than 4000m). Furthermore, in contrast to the eastern zone, the western zone 57 
where the burial depth is over 4500m is an oil-bearing field with lower level of thermal morality. It 58 
seems that the source rocks in the eastern zone are characterized by anomalous thermal maturity. But 59 
no target work has been undertaken to investigate the spatial differences in thermal maturity, and the 60 
formation mechanism of anomalous thermal maturity in the eastern zone is poorly known. 61 
In the current study, more than 20 mudstone samples, selected from different sites of the Fushan 62 
Depression, South China Sea were analyzed using infrared reflectance spectroscopy and X-Ray 63 
Powder Diffraction (XRD) techniques. This work aims to examine the changes in the mineralogical 64 
composition of the mudstones, and investigates their potential in evaluating thermal maturity 65 
through spectroscopic method. The present work focused not only on qualitative identification of 66 
mineral species but also semi-quantitative determination of variations in the relative abundances of 67 
major clay minerals in the altered sequence. Combined with limited vitrinite reflectance data and our 68 
previous sedimentary analysis results, this study intends to assess the effectiveness of the portable 69 
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infrared spectroscopic method as an operational geothermal exploration tool, and to investigate the 70 
controlling factors in the variations in thermal maturity within the hydrocarbon-bearing depression. 71 
 72 
2. Experimental and methods 73 
2.1. Materials 74 
A series of selected mudstone samples were collected from exploration cores at depths between 75 
2100m and 3800m from the Fushan Depression, southeast of Beibuwan Basin, South China Sea (Fig. 76 
1). Detailed sedimentary research indicates that the studied samples are located in the Liushagang 77 
Formation, the major depositional unit and the primary oil and gas reservoir of the Fushan 78 
Depression[15, 16]. The transfer zone developed in the central zone divides the whole depression 79 
into two independent sags. As a result, the Fushan depression can be subdivided into three different 80 
structural units: the western zone, the transfer zone and the eastern zone [15, 16]. The selected 81 
drilling cores are distributed in the whole depression with at least 4 cores located in each structural 82 
zone. The mudstones were washed with Milli-Q water to remove external dirty material, and dried at 83 
the room temperature (25 °C), and then crushed to ＜20 μm using a McCrone microniser mill for 84 
the whole rock spectroscopic experiments and X-ray diffraction analysis. Following the Stockes’ 85 
Law, the fractions of the clay minerals (＜2 μm) have been separated from the micronized samples 86 
using high-speed centrifugation, as described in Uysal et al. (2000) [17]. The upper layer 87 
suspensions were then air-dried on glass slides to make oriented aggregates for XRD analysis. 88 
 89 
2.2. Infrared reflectance spectroscopy 90 
All spectroscopic experiments were undertaken at the Queensland University of Technology 91 
(QUT). Mid infrared reflectance spectra were collected using a Nicolet Nexus 870 FTIR 92 
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spectrometer with a single bounce diamond ATR cell. Spectra ranging from 4000 to 645 cm−1 were 93 
collected through the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 94 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  95 
 96 
After baseline correction/adjustment and smoothing using the Spectracalc software package 97 
GRAMS (Galactic Industries Corporation, NH, USA), band component analysis was performed 98 
using the Jandel “Peakfit” software package that enabled the type of fitting function to be selected 99 
and allows specific parameters to be fixed or varied accordingly. Peak fitting was done using a 100 
Lorentzian-Gaussian function with the minimum number of component bands used for the fitting 101 
process. The Lorentzian-Gaussian ratio was maintained at values greater than 0.7 and fitting was 102 
undertaken until reproducible results were obtained with squared correlations of r2 greater than 0.95. 103 
 104 
2.3. X-Ray Powder Diffraction (XRD) 105 
The identification of the principal clay-mineral species was checked by XRD analysis that was 106 
carried out on a Philips PANalytical X'pert Pro wide angle X-Ray diffractometer at the University of 107 
Queensland (UQ), with Cu Kα radiation at 40 kV and 40 mA in step scan mode. The XRD Patterns 108 
of bulk samples were collected in the range of 5 to 50° (2θ) with a step size of 0.05° and a rate of 4s 109 
per step. The XRD of clay fraction of samples was carried out in the range of 2-30° (2θ) with a step 110 
of 0.0167° and a rate of 30s per step. The minerals peak identification and peaks heights 111 
measurement were carried out in comparison with standard database, the inorganic crystal structure 112 
database (ISCD). XRD pattern manipulation such as baseline subtracting and performances above 113 
were finished using the XRD software toolkit Materials Data Inc. (MDI) Jade (version 5.0.37, 114 
California, US). 115 
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 116 
2.4. Vitrinite Reflectance 117 
Vitrinite reflectance is the most widely used maturity indicator in geothermal studies, despite 118 
uncertainties arising from the sample quality and measurement method. Vitrinite reflectance 119 
measurements were carried out at 546nm, using monochromatic light and calibrated with a Leitz 120 
synthetic Leuco-Saphir-Prisme standard of 0.515%Ro. The readings were taken on polished rock 121 
blocks from the cuttings using a Leitz MPV-SP system (ASTM, 1994) at Sun Yat-sen University, 122 
China. 123 
 124 
3. Results and discussion 125 
3.1. Infrared reflectance spectroscopy and peaks characteristics 126 
The infrared reflectance spectra of mudstone samples from drilling cores in 650-4000 cm-1 127 
region are reported in Fig. 2. No broad band has been observed over the 3000-3500 cm-1 range in 128 
these samples, suggesting the infrared spectra of the mudstones are characterized by barely water. In 129 
the infrared spectrum between 3000 and 4000 cm-1, three apparent peaks at ~3610 cm-1, ~3650 cm-1 130 
and ~3695 cm-1 were observed, corresponding to the OH stretching of inner surface hydroxyl group 131 
of kaolinite [18-22]. The weak peak at ~1400 cm-1 indicates that the contents of carbonate in these 132 
samples are generally low [23-25]. The relative high intensity band over 1200-850 cm-1 range was 133 
attributed to the combination of quartz, clay minerals and feldspar for Si-O asymmetrical stretching 134 
mode as the biggest characteristic band of silicon-oxygen compounds [19, 26-30] (Figs 2 and 3). 135 
However, the shoulder band at ~910 cm-1 within 1200-850 cm-1 range should be assigned to the 136 
Al-OH deformation [18-22]. The combination of characteristic peaks of quartz, clay minerals and 137 
feldspar appears to also occur at ~691 cm-1 band, which could be assigned to OH translation 138 
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vibration for clay minerals and Si-O symmetrical bending vibration relating to quartz crystalline [19, 139 
27, 29, 31, 32]. Quartz and clay minerals could be distinguished using the infrared spectrum between 140 
820 cm-1 and 720 cm-1 (Figs 2 and 4). Specifically, the bands at ~796 cm-1 and ~778 cm-1 were 141 
related to the Si-O symmetrical stretching vibration for quartz significantly (Fig. 4) [20, 26, 32, 33]. 142 
By contrast, the peak at ~752 cm-1 arose from the OH translation vibration of Al-Mg-OH in the clay 143 
lattice (Fig. 4) [19, 20, 29, 32], and could disappear and shift after heating or dehydroxylation 144 
process [19].  145 
 146 
Generally, the FTIR spectral results show that the deep-buried mudstones in the Fushan 147 
Depression are mainly composed of carbonate, quartz and other silicates (e.g. kaolinite, feldspar, 148 
illite, smectite). However, the significant differences in the infrared spectrum ranging from 1200 149 
cm-1 to 850 cm-1 have also been observed among samples from different zones (Fig.3). The Si-O 150 
antisymmetric stretching bands of the samples from the eastern zone occur at ~1024 cm-1 and ~994 151 
cm-1. By contrast, these bands change to ~1026 cm-1 and ~1001 cm-1 in the western zone, and ~1028 152 
cm-1 and 1003 cm-1 in the central zone.  153 
 154 
Previous studies have documented that the changes in Si-O stretch band result from differences 155 
in clay mineral composition [25, 26, 33], and the changes in OH group are usually related to variable 156 
surface pH and dehydroxylation [19, 34], suggesting the characteristic and intensity of the infrared 157 
spectra bands have a close relationship with mineral transformations. Thus, the variation of Si-O 158 
antisymmetric stretching bands (around ~1025 cm-1 and ~1000 cm-1) indicates that each structural 159 
zone are characterized by unique clay mineral assemblage, significantly different from the other 160 
structural zones. 161 
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 162 
3.2. XRD and mineralogical composition 163 
The XRD patterns (Fig. 5) show that the main mineral phases in the sedimentary mudstones are 164 
quartz, K-feldspar, clay minerals (i.e. kaolinite, illite, chlorite, smectite). Semi-quantitative XRD 165 
analyses for mineral composition were conducted by multiplying measured intensities of specific 166 
reflections by the correction factors described by Cook et al. [35] and Boski et al. [36]. The 167 
correction factors were proposed as follows: quartz, intensity at 4.24 Å multiplied by 100/35; 168 
plagioclase, peak at 3.19 Å multiplied by 2.8; K-feldspar, intensity of peaks at 3.24 Å multiplied by 169 
2; carbonate, reflection at 3.07 Å multiplied by 1.65; the clay mineral composition, the intensity at 170 
4.47 Å multiplied by 20. The semi-quantitative results were reported in the Table 1 showing that the 171 
average contents of the main mineral phases are quartz (43.65%), clay minerals (49.63%), 172 
plagioclase (3.31%), K-feldspar (3.09%), carbonate (0.31%).  173 
 174 
The XRD semi-quantitative analysis results also show significantly spatial changes in the 175 
contents of mineral phases, especially for quartz and clay minerals (Table 1). The mudstones 176 
collected from the eastern zone consist of higher content of clay minerals (mean 60.86%) and lower 177 
content of quartz (mean 34.19%) than those in the western zone (46.36% for clay minerals and 178 
44.60% for quartz) and in the central zone (38.03% for clay minerals and 55.33% for quartz).  179 
In petroleum and natural gas exploration and development, the changes in clay minerals are 180 
usually correlated with variability in sedimentary environment [37-39] and/or thermal maturity 181 
events [5, 40]. To understand the spatial change of clay mineralogical composition in the study area, 182 
some samples were selected to get the <2 μm fractions for XRD analysis using centrifuge. And then, 183 
the semi-quantitative estimate of clay mineral percentage was processed by accurately measuring 184 
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intensities and ranges of specific peaks using the properly determined weighting factors as follows: 1 185 
times the smectite at 17 Å, 4 times the illite at 10 Å, 2 times the kaolinite + chlorite at 7 Å, then 186 
normalized to 100%. The proportions of kaolinite and chlorite were determined using the ratios of 187 
the peak areas at 3.57 Å and 3.54 Å respectively [41].  188 
 189 
The semi-quantitative XRD results show that the illite is the major mineral phase in clay 190 
minerals with the average content around 70% (Fig. 6). Spatially, the illite contents show the 191 
distribution pattern as: the eastern zone (mean 80.81%) > the western zone (mean 73.52%) > the 192 
central zone (mean 55.04%). On the contrary, it appears that kaolinite is most abundant in the 193 
samples from the central zone (mean 30.5%), followed by the western zone (around 16%), and the 194 
eastern zone is characterized by the lowest kaolinite content as 13.5% (Fig. 6). Likewise, the chlorite 195 
contents in the central zone (mean 14.47%) and the west zone (mean 10.46%) were higher than the 196 
east zone (mean 5.95%) (Fig. 6).  197 
 198 
3.3. Thermal maturity evaluation using FTIR spectra 199 
Studies of the paragenesis of authigenic illite in sandstones/mudstones of various regions and 200 
ages have revealed two major transformations in natural systems where clay minerals are subjected 201 
to thermal effects (e.g. burial diagenesis; contact metamorphosed series). One major transformation 202 
is the dioctahedral smectite to illite conversion through illite-smectite mixed-layer minerals [6], and 203 
the other is the illitization of kaolinite [5, 8, 9]. The degree of smectite illitization and kaolinite 204 
illitization can be used as geothermometers to explain the relationship between organic thermal 205 
maturity and evolution of petroleum.  206 
Considering that the three structural zones have the same sediment source from Hainan Uplift 207 
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and similar depositional setting [15], the contents in illite, smectite and kaolinite can be used to 208 
evaluate thermal maturity within this small-scale sedimentary depression. It appears that almost no 209 
smectite was observed in the western and eastern zone, suggesting the extremely high degree of 210 
smectite illitization (Fig.6). The small amount of smectite observed in the central area probably 211 
reflects lower degree of smectite illitization. Thus, in this study, more attention has been paid to the 212 
contents of illite and kaolinite, which correspond to the degrees of kaolinite illitization. 213 
 214 
In the this study, although the peak area at ~752 cm-1 which is arisen by Al-Mg-OH in clay 215 
minerals showed a correlation with total clay content (R=0.443) (Fig. 7a), the changes of illite and 216 
kaolinite could not be distinguished at peak of ~752 cm-1. According to Si-O asymmetrical stretching 217 
in the bands between1200 cm-1 and 850 cm-1 for kaolinite and illite [20], it is found that the bands at 218 
~1025 cm-1 and ~1000 cm-1 are able to reflect the changes in the contents of kaolinite and illite. The 219 
peak height ratio of ~1025 cm-1/~1000 cm-1 shows a negative correlation with the content of illite 220 
(R=0.384), but a significantly positive correlation with the content of kaolinite (R=0.639) (Fig.7b 221 
and 7c). The relatively insignificant correlation between the peak ratio and the content of illite 222 
should be attributed to the disturbance of smectite illitization. In particular, illite/kaolinite has 223 
significant correlation with the peak height ratio of ~1025 cm-1/~1000 cm-1 (R=0.582), suggesting 224 
this peak ratio have a good correlation with the degree of kaolinite illitization (Fig.7d). The peak 225 
ratio ranges from 0.6 to 0.9 in the eastern zone, from 0.5 to 0.8 in the western zone and from 0.3 to 226 
0.4 in the central zone. 227 
 228 
The significant correlation between the Si-O asymmetrical stretching bands and the degree of 229 
kaolinite illitization has also been observed in the positions of the bands at ~1025 cm-1 and ~1000 230 
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cm-1. These bands shift from 1028 cm-1 and 1003 cm-1 in the central zone (corresponding to the 231 
highest degree of kaolinite illitization) to 1026 cm-1 and 1001 cm-1 in the western zone, and then 232 
1024 cm-1 and 994cm-1 in the eastern zone (corresponding to the lowest degree of kaolinite 233 
illitization) (Fig.3). It appears that these band positions in the infrared spectra shift linearly with the 234 
degree of kaolinite illitization.  235 
Therefore, the spectral reflectance method used in this study suggests that the spectral data, 236 
especially the heights and positions of the Si-O bands at ~1025 cm-1 and ~1000 cm-1, reflect the 237 
relative degree of kaolinite illitization in mudstones and can be directly used to compare thermal 238 
maturities among samples. The spectral reflectance results indicate that the mudstones with high 239 
degree of kaolinite illitization are characterized by high peak height ratio of ~1025 cm-1/~1000 240 
cm-1(usually more than 0.6) and rightward shift of the Si-O asymmetrical stretching bands (1024 241 
cm-1 and 994cm-1). By contrast, the mudstones with low degree of kaolinite illitization correspond to 242 
low peak height ratio (0.3-0.4) and leftward shift of the Si-O asymmetrical stretching bands (1028 243 
cm-1 and 1003 cm-1).  244 
 245 
The clay minerals change and FTIR spectra (Figs.6 and 7) suggest that the thermal maturity in 246 
the eastern zone is anomalously high, followed by the western zone, and that in the central zone is 247 
lowest. This pattern matches well with our limited vitrinite reflectance data which shows extremely 248 
high vitrinite reflectance values in the eastern zone with an average at 1.47, and low vitrinite 249 
reflectance values in the central zone with an average of 0.51 (Fig.8). Vitrinite reflectance has a firm 250 
place in the technological assessment of the degree of thermal maturity in petroleum exploration [10]. 251 
The high vitrinite reflectance value in the eastern zone also reflects anomalously high thermal 252 
maturity, while the low vitrinite reflectance value in the central zone corresponds to low thermal 253 
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maturity. The agreement between spectra analysis and vitrinite reflectance data suggests that the 254 
utility of infrared spectroscopy is a valuable tool for the study of thermal maturity. The FTIR spectra 255 
technique is much faster than the X-ray diffraction method and vitrinite reflectance measurement, 256 
allowing a reliable estimation not only of the products of geothermal alteration but also of the 257 
evolution of thermal maturities. 258 
 259 
3.4. The controls on the thermal maturity  260 
There is no doubt that the illitization of kaolinite is significantly controlled by burial history. 261 
The formation of illite via illitization of kaolinite usually takes place at an intermediate burial depth 262 
of 3000-4000m [42]. The palaeogeomorphology of the Liushagang Formation shows that the burial 263 
depth within the Fushan Depression varies significantly spatially (Fig.8). The burial depth of the 264 
western zone (over 4500m) and the eastern zone (around 4000) are much higher than that of the 265 
central zone (around 3000m) (Table 1). The shallow burial depth in the central zone is the result of 266 
the development of the tectonic transfer zone that represented a structural and palaeotopographic 267 
high [15]. The burial depths of the samples collected from the central zone are less than 3000 m, 268 
significantly shallower than the western and eastern zones, suggesting that the central zone 269 
underwent a low degree of kaolinite illitization characterized by relatively low illite content and high 270 
kaolinite content. Therefore, it appears that the relatively low thermal maturity in the central zone is 271 
mainly the result of shallow burial depth.  272 
However, the factor of burial depth cannot give reasonable answer to the occurrence of 273 
anomalously high thermal maturity in the eastern zone where the burial deep is shallower than the 274 
western zone. The maturation of the eastern zone mudstones would thus not solely result from high 275 
heat flows related to deep burial. It has been well documented that the presence of igneous intrusions 276 
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has a major impact on sedimentary maturity in the local neighborhood of an intrusive [43]. The large 277 
scale igneous intrusion has been revealed by drilling cores [15], and its distribution range was 278 
identified using logging data and 3-D seismic reflection data (shown in Fig.8). The igneous intrusion 279 
is located in the eastern zone with a maximum depth of over 120m at the burial depth of 280 
2800-3000m (Fig.8). The vitrinite reflectance data from Well L8 which locates close to the igneous 281 
intrusion center is as high as 2.69, suggesting that the development of igneous intrusion is extremely 282 
significant in both the thermal maturation of source rocks (mudstone) and the formation of gaseous 283 
hydrocarbons in the eastern zone.  284 
The igneous intrusion causes the mudstones in the eastern zone to become significantly more 285 
thermally mature than would be caused by burial to the same depth. Thus, the mineral 286 
transformations in the eastern zone have been controlled not only deep burial but also large scale 287 
igneous intrusion. Illite is commonly observed clay mineral in the eastern zone, whereas the amount 288 
of illite is insignificant, which is due to illitization of kaolinite in high temperature caused by both 289 
deep burial depth and igneous intrusion.  290 
 291 
4. Conclusions 292 
Characteristics of mudstone samples from different structural zones in the Fushan Depression, 293 
South China Sea were studied by infrared reflectance spectroscopy and XRD. The broad band in the 294 
range of 1200-850 cm-1 in infrared spectra indicates that the dominant minerals in mudstone samples 295 
are quartz and silicates mixture with trace carbonates. The FTIR spectra and XRD results show big 296 
spatial variations in the relative abundances of major clay minerals. There is a clear trend in illite 297 
content as the eastern zone (mean 80.81%) > the western zone (mean 73.52%) > the central zone 298 
(mean 55.04%). The contrary trend was observed in kaolinite content, and kaolinite is the most 299 
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abundant in the central zone. These trends indicate that the thermal maturity in the eastern zone is 300 
anomalously high, followed by the western zone, and that in the central zone is lowest, which is 301 
further confirmed by our vitrinite reflectance data. The relatively low thermal maturity in the central 302 
zone is correlated with low burial depth. By contrast, anomalously high thermal maturity occurring 303 
in the eastern zone has a close relationship with the large-scale igneous intrusion. In addition, this 304 
study indicates that the FTIR spectra is an effective and economic operational tool for characterizing 305 
mineral transformations and accurately determining thermal maturity in hydrocarbon-bearing fields. 306 
In particular, the intensities and position of the Si-O bands at ~1025 cm-1 and ~1000 cm-1 are of 307 
utmost significance for the reliable estimation of thermal maturity of source rocks in 308 
hydrocarbon-bearing fields. 309 
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Table 1. Mineralogical composition (%) and depths of mudstone samples. 
samples quartz plagioclase K-feldspar carbonate clay Depth (m) 
d (Å) 4.25 3.19 3.24 3.07 4.47  
Factor 100/35 2.8 2 1.65 20  
West 
zone 
M1-1 38.96% 2.86% 2.04% 0.30% 55.84% 3116 
M1-2 62.83% 0.06% 12.00% 0.41% 24.70% 3105 
Y2 35.00% 3.19% 2.97% 0.39% 58.46% 3170 
FC1 50.24% 6.61% 5.08% 0.27% 37.80% 3656 
Y1-1 49.36% 10.88% 5.11% 0.33% 34.31% 3795 
Y1-2 31.20% 1.43% 0.35% 0.58% 66.44% 3800 
Central 
zone 
H2-2-1 60.13% 1.05% 4.82% 0.26% 33.74% 2145 
H2-2-2 55.36% 0.00% 9.79% 0.21% 34.64% 2155 
H111x 29.76% 1.09% 0.39% 0.44% 68.32% 2894 
H5x 40.35% 4.07% 3.25% 0.17% 52.15% 2836 
H3x-1 65.82% 10.31% 2.74% 0.58% 20.55% 2304 
H3x-2 80.55% 0.12% 0.31% 0.27% 18.76% 2308 
East 
zone 
HD1-1-1 24.64% 0.83% 0.11% 0.22% 74.21% 3247 
HD1-1-2 24.52% 0.75% 0.41% 0.42% 73.90% 3247 
L2x-1 29.58% 0.58% 0.40% 0.23% 69.22% 3120 
L2x-2 43.63% 16.65% 6.20% 0.28% 33.23% 3124 
L25x-1 48.23% 0.26% 2.08% 0.21% 49.22% 3450 
L25x-2 29.43% 0.42% 0.71% 0.46% 68.98% 3468 
L102x 43.58% 4.84% 3.06% 0.05% 48.47% 3190 
HD6-1x 29.94% 0.24% 0.00% 0.20% 69.63% 3668 
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Fig. 1. Map showing the locations of mudstone samples in the Fushan Depression, South China Sea. 
The Fushan Depression can be subdivided into three structural zones: the western zone, the central 
zone and the eastern zone.  
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Fig.2. Infrared reflectance spectra of mudstone samples in the 4000-600 cm-1 region. 
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Fig. 3. Infrared spectra of samples from three zones in the 800-1200 cm-1 region showing the peak 
changes of the Si-O asymmetrical stretching bands at ~1025 cm-1 and ~1000 cm-1 
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Fig. 4. Infrared spectra of samples from three zones in the 640-860 cm-1 region showing the peak 
area changes at ~796 cm-1, ~778 cm-1 representing for quartz and ~752 cm-1 for total clay minerals. 
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Fig. 5. XRD pattern of mudstone samples between 5 and 50 degree (2θ) with mainly peaks. 
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Fig. 6. Spatial variations in clay mineral composition of <2 μm fractions of mudstone samples using 
the semi-quantitative analysis. 
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Fig. 7. Spectroscopic characteristics of mudstone samples from three zones are differentiated: (a) 
correlation between the content of clay minerals and the peak area of ~752 cm-1; (b) correlation 
between the content of illite and the peak height ratio of 1025 cm-1/1000 cm-1; (c) correlation 
between the content of kaolinite and the peak height ratio of 1025 cm-1/1000 cm-1; (d) correlation 
between the degree of kaolinite illitization (illite/kaolinite) and the peak height ratio of 1025 
cm-1/1000 cm-1. 
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Fig.8 Map showing the palaeogeomorphology of the Fushan Depression, vitrinite reflectance data 
and the location and range of igneous intrusion in the eastern zone 
 
 
